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Introduction

About 10% of incident breast cancer can be attributed to hereditary factors, and a further
15% can be accounted for by a complex mix of life history factors widely interpreted as
representing endogenous hormone production. This leaves the great majority of breast cancer
unaccounted for. It is assumed that environmental exposures are involved in breast
carcinogenesis, and strong evidence for the effect of radiation has been presented. Total
genotoxic exposure, especially the contributions of the countless chemicals in the environment,
are impossible to calculate based on the agents themselves. Such exposure monitoring also does
not integrate the individual response to genotoxic exposure that modulates its effect on processes
such as carcinogenesis. We have proposed that direct monitoring of genetic effects at a surrogate
locus in a easily available tissue can provide a biodosimter of environmental effects, and we have
provided preliminary evidence that the blood-based GPA assay can provide this data. The
current project is designed to expand our preliminary pool of retrospective data on 47 breast
cancer patients to a more generalizable population of 200 patients, along with suitable controls
for comparison. Acknowledged risk factors for breast cancer are also acquired to allow for the
integration of the biomarker data into a more robust risk assessment paradigm for this disease.

Body

Risk factors for the development of breast cancer remain largely unknown, however, several
clear elements have emerged: family history of breast cancer, metabolic factors related to
hormone production, and exposure to X irradiation (1,2). It has been suggested that breast
cancer incidence is also influenced by the accumulation of man-made chemicals in the
environment. Two types of environmental chemicals have been implicated; those that mimic
hormonal effects, known as "xenoestrogens", and those that mimic the DNA-damaging effects of
X irradiation, or "genotoxicants". We hypothesize that breast cancer incidence should be a
product of both the total cumulative exposure to genotoxic agents, including but not limited to X-
rays, as modified by differences in individual response to this exposure as mediated by factors
such as metabolic detoxification (or activation) and DNA repair capacity.

Although there is bound to be some element of tissue specificity for both genotoxic exposure
and susceptibility to DNA damage, it is impractical to monitor somatic mutation in breast tissue
itself. Blood, however, and its progenitor tissue bone marrow, are present throughout the body,
and most xenobiotic exposures to the breast are likely to be transported to the breast tissue
through the blood. The GPA assay is fast and inexpensive, utilizing flow technology to quickly
quantify rare mutational events. However, due to its genetic basis, it can only be applied to
individuals heterozygous for the MN blood group, which make up approximately 50% of the
population. The HPRT assay is universally applicable, but requires cell culture and drug
selection, making it more expensive and labor-intensive (3). Moreover, one class of HPRT
mutants have been specifically identified as occurring via illegitimate V(D)J recombination (4), a
mutagenic process that is characteristic of loss of double strand break DNA repair, such as in the
cancer-prone syndrome ataxia telangiectasia (AT). The BRCAI and BRCA 2 breast cancer
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predisposition genes have also been implicated in this type of repair, so may also have a
characteristic increase in these types of mutants (5).

This hypothesis was first applied to a mixed population of cancer patients, and these results,
originally preliminary data for this proposal, have now been published (6). These data include
significant contributions from cancers (breast, prostate, testicular) with acknowledged
"hormonal" factors, suggesting that a dependence on genotoxic exposures is not mutually
exclusive with an association with endocrine factors. We supplemented this data with analyses
of local breast cancer patients, such that we had a population of 47 breast cancer patients
analyzed prior to the submission of this grant. Analysis of the breast cancer patients alone
confirmed that they followed the same trends as the mixed cancer population, and an odds ratio
of 4.69 could be calculated for individuals with GPA mutation frequencies of 3 x 10' or higher.

Our major accomplishment of 2001 was the creation of a new IRB protocol acceptable to
both our local committee and to the DOD. This was pending at the time of last report, and was
approved in September, 2001. Further complications arose, however, such that final approval
from the DOD to accrue samples was not granted until May 23, 2002. This delay in IRB
approval is such that all personnel listed on the original submission have now left the lab; three
students have completed their studies (one on another DOD-sponsored project), two lab
technicians have gone on to graduate school (one to Johns Hopkins, one to Washington State)
and my Clinical Coordinator cut back on her time to be home with her children. Subsequently, I
only had trained personnel in the lab for about three weeks after the IRB approval came through.
To make sure the patient accrual system we had set in place almost two years earlier still worked,
we recruited four new patients, only one of which turned out to be informative, or heterozygous
for the GPA assay. For practise, we ran the HPRT assay on all four, although in the project
proper, we will only analyze patients informative at both loci (we will bank samples from GPA
non-heterozygotes for potential future analysis with the HPRT assay). We are now in a period of
intense recruitment and retraining, which should be completed by the beginning of the fall
semester. With the recent addition of a large group of oncologists from crosstown rival
Allegheny hospital, Magee-Womens Hospital and the UPMC system now treat over 700 newly
diagnosed cancer patients annually; the limit on accomplishing our original goal of recruiting,
sampling and analyzing 200 patients over four years is now dependent on our ability to process
samples in the lab. Once again, this limitation is primarily due to the HPRT assay, where 50
assays a year is reasonable for a full term employee (we once ran over 700 GPA assays in three
months, so this is not a problem). Thus, we are now in danger of falling behind our ability to
finish the work on time. One solution would be to hire a clinical coordinator that also could
contribute in the lab; although most such coordinators come from the ranks of nurses, Ms.
Huerbin, our original coordinator, was a former lab tech and was trained in our laboratory
techniques. There are several career technicians in the institute who would like a chance to
become coordinators; I have evaluated several for their ability to interact with patients and our
clinical colleagues. A safer route would appear to be to hire an existing clinical coordinator and
accept that this project will have to be extended beyond the original target date (i.e. a no-cost
extension). A final possibility is to accrue samples as quickly as possible until a total of two
hundred informative patients has been achieved, then shift funding from a clinical coordinator to
a second lab tech. This is possible because blood samples for HPRT analysis can be frozen and
banked for analysis at a later date, apparently with no effect on mutation frequency. There is
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some loss of viable cells in freezing and thawing samples, however, requiring a larger initial
blood sample and yielding a higher rate of unusable samples (i.e. not enough viable cells to give
a difinitive answer).

Ultimately, the path I choose will depend on the personnel avaialable. The GPA and HPRT
assays are well established in my laboratory (I used the HPRT assay in my thesis work), and
there is no reason to believe that we will not be back up to speed in a few months. In the
meantime, I have published the preliminary data on a mixed population of patients given in the
original submission, but in a manner that does not preclude my breaking it out in a cancer type-
specific manner in a follow up. Since we have already reached statistical significance in our
initial 47-patient sample for an association between GPA mutation frequency and cancer
incidence, the present study has two main goals: to present a large enough study to persuade the
reader that the results are generalizable, and b) to integrate this biomarker predictive factor into
the existing models of breast cancer risk assessment. I have also used these data in the past year
to propose similar studies with pediatric brain tumor patients, who share certain genetic and
environmental factors with breast cancer, and to obtain funding to build upon these initial studies
by analyzing breast cancer patients specifically for illegitimate VDJ recombination, a
characteristic of ataxia telangiectasia patients that might be shared by BRCA1 and 2 carriers.
The work proposed in this grant continues to be central to the direction of my laboratory, and
despite the delays in getting started in the laboratory, I remain committed to the completion of
the project and its goals

Key Research Accomplishments

"o We have completed an IRB protocol acceptable to both our local (Magee-Womens
Hospital) committee and the DOD.

"o We have established that our route to patient sampling remains viable.

"o We have established that our assay technologies are still workable and can be passed on
to new workers in the lab.

"o We have published our preliminary data in a form that does not preclude inclusion of data
specifically on breast cancer patients in a subsequent report.

Reportable Outcomes

As the work is ongoing, all reportable outcomes are still in the future. We can confirm our
preliminary data that the samples that we have run are not obviously unusual with regard to GPA
and HPRT mutation frequency (as is the case with most cancer predisposition syndromes); rather
we are looking at a more subtle distinction between patient and disease-free populations
(approximately 1.5-fold different), consistent with the incidence of breast cancer in the "normal"
population. The GPA assay yields some characterization of the type of mutant at the time of
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analysis (the ability to separately quantify mutants arising through simple allele lose or through
loss and duplication) that might provide clues as to what types of exposure and/or predisposition
play a role in breast carcinogenesis at the population level and in each individual. The HPRT
assay, through the generation of mutational spectra, can expand on this analysis; although it is
beyond the span of the current study, we will be banking samples for subsequent analysis.
Finally, we have already successfully funded spin-off projects that utilize additional, more
specific biomarker techniques to better understand how genotoxicity plays a role in breast
carcinogenesis. Thus, our eventual reportable outcomes should proceed through a confirmation
that exposure biomarkers are associated with breast cancer, through an examination of how such
factors interact with the known predictive factors of family history and life history of estrogen
exposure, through to an examination of whether a specific type of exposure, and therefore
genetic damage is implicated in breast carcinogenesis, which would allow for the development of
preventive, anti-cancer agents.

Conclusions

Our data suggest that environmental exposure is a powerful factor in the development of
breast cancer, but that it has too many individual contributors to monitor a single genotoxic
agent. We therefore propose to monitor the effects on the individual, which has the added
benefit of integrating the individual's biological modification of the initial agent and damage, or
"response" at the biochemical and molecular level. With IRB concerns behind us, we are ready
to get to the job of confirming and extyending our initial studies with regard to delineating the
differences between those who develop breast cancer at a certain age, and those who do not.
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Molecular Epidemiology of Human Cancer:
Biomarkers of Genotoxic Exposure and Susceptibility

Stephen G. Grant

The new field of molecular epidemiology investigates the link between toxic
exposure and an associated health effect by defining presumptive intermediate
stages in the development of the disease based on known mechanisms. In the
development of malignancy, these steps may involve exposure to known
mutagens and carcinogens, internalization and potential metabolism of a chem-
ical agent, characterization of the interaction of the agent at its site of action
(usually DNA), characterization of induced preneoplastic changes, and, in cer-
tain instances, early detection of the cancer itself. These processes can be moni-
tored through biomarkers specific to each of the steps in the progression toward
disease using any of the host of applicable techniques now available. An over-
view of such techniques is presented, with emphasis on techniques offering
insight into the malignant process. Evidence is presented suggesting that
although there are many potential contributing mechanisms to carcinogenesis,
mutagenesis remains the dominant driving force behind the process. Several
methods of monitoring mutation have shown promise as predictors of cancer
incidence. These methods might also be used as monitors of agents designed to
intervene in the process to prevent the development of overt disease.

KEYWORDS: genetic toxicology carcinogenesis, mutagenesis, GPA, HPRT,
DNA repair, mutagen sensitivity

Introduction its progenitor. In the case of molecular toxicology,
there has been a real shift from the traditional activity

It has become fashionable to place the word molecular of testing chemical toxicity in model systems to stud-
before the name ofa classical field of scientific research ies in the true organisms of interest, humans. These
and consider it reinvented. This often happens in the studies have their own advantages and disadvantages;
absence of what the word means in this context and they are, by definition, epidemiological, and epide-
how this refined and redefined field truly differs from miology is very different from experimental science,

requiring larger, more expensive and more interdis-

ciplinary studies. Often the investigator has no con-
Departments of Environmental and Occupation Health trol over the agent of exposure or the dose or doses
and Obstetrics, Gynecology and Reproductive Science, trolnovere an of esu or theldos orndo
University of Pittsburgh, the University of Pittsburgh administered; in most cases, one must relyon "found"
Cancer Institute and Magee-Womens Research Insti- experiments, such as accidental exposures, which are
tute, Pittsburgh, PA. Address all correspondence to Dr. often uncomfortably similar to ambulance chasing.
Stephen G. Grant, Department of Environmental and For the accumulation of significant data, more than
Occupational Health, University of Pittsburgh, 260 an anecdotal case report is required, so there must be
Kappa Drive, RIDC Park, Pittsburgh, PA 15238. a relatively large exposed population with a consid-
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erable increase in the incidence of the disease. Indeed, ical disease, is perceived as occurring from the exposure
this field often relies upon the pharmaceutical in- of an organism to a deleterious biological, chemical,
dustry to provide a large population of exposed in- or physical agent. This strict cause-and-effect rela-
dividuals exhibiting unanticipated toxic effects. This tionship is mediated through a number of unknown
relative inability to study an agent of the investigator's modifiers of exposure and response related to the anat-
choice is offset by the fact that real human beings are omy, biochemistry, and physiology of the organism.
the source of data and there is no question of the The molecular epidemiological model, as shown in
applicability of the model system. These studies, Figure 1, attempts to expand on the concept of such
therefore, involve what has become known in bio- biological modification by breaking the process into
medical science as translational research, that is, sci- sequential stages that must be traversed to manifest
ence that has direct application to real-life situations. disease. These intermediate stages are based on mech-

In public health, the promise of molecular toxicol- anistic studies and hypotheses that attempt to identify
ogy and molecular epidemiology is the identification the target tissue or cell type (which may not be the
of an impending disease before clinical manifestation, same as the cell type affected by the disease, or even
-which-pote ntially-atlows -for -biologic-al,-chdemic-a1-- r-----atthe-same-site-as-the-evene il dk 2.e m nifestation),
behavioral intervention and, perhaps, prevention, the response or responses necessary to convert expo-
This is a particularly appropriate approach to cancer sure into biological effect, and, ifpossible, the precin-
because many avenues of research have shown car- ical evidence of impending disease. As in any hypo-
cinogenesis to be a multistep process with a duration thetical system, experimentally verifiable predictions
or gestation time of decades. Cancer can result from indicative of each stage are important. These indica-
the delayed effects of a single short-term exposure, tors ofbiological modification are known as biomarkers
such as a radiation accident, or from the effects of an and, because they precede clinical disease, they are
otherwise asymptomatic chronic exposure. In this de- thought of as intermediate biomarkers that can be used
layed or accumulative aspect of its etiology, it is very to monitor the progress of the disease.
possible that cancer can act as a paradigm for other The development of the field of molecular epide-
late-onset diseases because somatic effects are more miology has been, and continues to be, hindered by
important factors in the development of the disease a lack of complete understanding and cooperation
than genetic predisposition. With the impending between the practitioners of the two progenitor dis-
completion of the human genome project, however, ciplines, laboratory toxicologists and epidemiolo-
attention has increasingly moved toward these genetic gists. For the toxicologist, the traditional laboratory
factors, even in diseases of aging. Besides the many truism, "If you need statistics to prove your point, you
technological tools being developed in this area, such didn't design the experiment properly," is difficult to
as gene expression and polymorphism chips, the main reconcile with epidemiological studies. On the other
reason for concentrating on genetics is that it can be hand, epidemiologists, especially clinical epidemiol-
fully ascertained at any age. For example, a blood sam- ogists, often seem to forget that statistical associa-
ple from an 80-year-old contains all the genetic in- tions are not and cannot be proofs of causality. The
formation that would have been available had the sub- proper course is for epidemiological studies to gen-
ject been sampled at birth. In contrast, toxicological erate mechanistic hypotheses that are then evaluated
exposures wax and wane, overlay one another, and are experimentally. Too often, there is a complete dis-
ongoing at any point of sampling-, thus, there is no connection between the two disciplines. Epidemi-
easily obtainable record of an exposure history similar ologists hire technicians to perform tests they have
to that of the underlying genetic background. seen published in the literature, often without thor-

oughly understanding the relevance or implications
of the results. Toxicologists, however, attempt to ap-

Molecular Epidemiology ply their knowledge of experimental design to epi-
demiological studies without appreciating the statis-

In the classical toxicological epidemiology model, a tical methodologies necessary to adjust for
defined health effect, often a well-characterized cln- unanticipated, confounding effects. In many ways,

246 JEPTO 2001, Volume 20, Number 4



BIOMARKERS OF HUMAN ENVIRONMENTAL CARCINOGENESIS

Markers Markers
of ...... of

Exposure -I Internal -I Biologically 4- Generalized -1 Disease- -1 Clinical
Dose Effective Biological Specific Disease

Dose Effect Biological
Effect

FIGURE 1. Epidemiology of induced human disease in the mechanistic context of molecular toxicology. Insights into
the absorption, distribution, metabolism, and elimination of environmental agents are combined with insights into the
mechanism of the disease process to provide potential intermediate steps in the progression that can be tested for valid-
ity and applied as surrogates for the eventual health effect.1-4

the situation is reminiscent of the difference between have been many models of the carcinogenic process
academic and industrial or regulatory toxicologists: proposed: epigenetic, viral, toxicological, endocrine,
Academic toxicologists apply a continually revised immune surveillance, histopathological, and so forth,
or"improved" protocol to a series of individual, often but the somatic mutational model5 has become pre-
unrelated projects, whereas industrial and regulatory dominant for several reasons. First, there was the
toxicologists apply a standardized, but almost always discovery of dominant activated oncogenes and re-
obsolete or suboptimal protocol, to a very systematic cessive tumor suppressorgenes and their identification
study of an area of proven concern. Thus, in collab- in all types ofcancer.6,7Secondwas the linking ofthese
oration, the laboratory toxicologist can address the mutations with histological progression, as best ex-
mechanistic relevance of a biomarker to the disease emplified by the Vogelstein et al.8 model ofcolorectal
of interest, troubleshoot, and adapt the protocol to cancer. Third, there is the unique ability (and will-
the types of samples that can be obtained, and offer ingness) of the supporters of this model to integrate
the possibility of experimental follow-up on mech- aspects of other models into itself For example, the
anistic hypotheses that might result from an epide- somatic mutational model has to be compatible with
miological study. The epidemiologist, in turn, directs theviral model because activated oncogenes were first
the study to a question ofimmediate concern to med- identified in oncogenic viruses, and only subse-
icine or public health and allows for testing of both quently were shown to have homologues in the host
a mechanistic hypothesis and thebiomarkerdesigned genome. The model is also flexible enough to allow
to detect and monitor it in human studies. that epigenetic changes in gene expression, such as

endocrine stimulation, hyper- or hypomethylation
of genes, can have the same effect as mutation in ful-

Biomarkers of Carcinogenesis filling the requirements of a step in the carcinogenic
pathway. Toxicologists are satisfied with the muta-

To propose and test biomarkers of a specific disease, tional model because it describes a multistep process
some insight into its etiologymustbe available. There involving classical mutations that can be caused by
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radiation or electrophilic chemicals. Thus, most in- proving testing efficiency in the near future. First is
termediate biomarkers of cancer presume that mu- the adoption of high-throughput and high-content
tation is the only or principal mechanism ofcarcino- screening technologies, using advances in fields such
genesis and are designed to detect mutagenic ex- as robotics, flow cytometry, computer-directed mi-
posures,premutagenic, andmutageniclesions,aswell croscopy, mass spectroscopy, and so forth, to better
as the biological effects of somatic mutations. Tox- apply our knowledge of carcinogenesis. Such tech-
icologists must be reminded that not all cancer re- nologies have already been successfully applied in
searchers are prepared to directly equate carcinogen- some aspects of toxicology,11-14 but not to the degree
esis with mutagenesis, despite the fact that this prin- theyhavebeen embracedbypharmacologists fordrug
ciple underlies almost all carcinogenicity testing and design.1-'5 ' A second promising approach toward
costs industry billions of dollars. broadening our capacity to screen chemicals has also

been increasingly used in pharmacological drug de-
sign: the development of so-called in silico models,

Carcinogenic Exposure or predictive-computational toxicology. Many ap-
proaches have been tried, from attempts to reproduce

Practically, there are two approaches for studying car- the logic of a working toxicologist through hierar-
cinogenic exposures: identification of actual expo- chical sets of rules and decision trees, to correlating
sures and identification of potential exposures. Ob- chemical structure or physicochemical properties
viously, the former is often retrospective, whereas the with biological activity, to artificial intelligence sys-
latter is prospective. Applied primarily to anthropo- tems such as neural networks that attemptto combine
genic chemicals, a large number of carcinogenicity, thebestfeatures of each approach.19-21 The challenge
mutagenicity, and other types of assays have been is much greater for toxicologists than for drug de-
developedtodetermineorpredictwhetherachemical signers, however, because identifying a single suc-
is a potential human carcinogen. The gold standard cessful lead compound can make the approach suc-
is the chronic animal cancer test; rodent carcinoge- cessful for the latter, whereas missing a single toxic
nicity tests are the most widely applied.9 These life- compound by the former could result in tragedy. In-
time studies are time-consuming and expensive, of- deed, predictive models must continue to be devel-
tin have questionable application to humans, and oped through continuous interaction with traditional
have been increasinglycriticized by animal-rights ac- toxicologists, validating and extending models
tivists. Attempts to establish single-cell short-term through targeted testing of new agents, and account-
assays have usually been based on a mutational ap- ing for the greater considerations ofthe entire human
proach to the carcinogenic process, and measured organism and population, 22

genotoxicity.10 All of these tests suffer from funda- The second approach to defining exposures takes
mental oversimplifications in their basic assump- place in the field, often after an exposure has occurred
tions. For example, they must assume that biological or is suspected. Although this is the naturalbeginning
effects of exposures to multiple genotoxicants (in- of an epidemiological toxicological study, such phys-
cluding all in vivo exposures) can be estimated from ical measurements are traditionally the province of
additively combining the efficacy of individual con- other practitioners, such as the industrial hygienist
stituents, which suggests that interactions such as or the health physicist. Indeed, beyond the work en-
synergism and antagonism either do not occur, or, vironment or agents such as radon that are sometimes
overall, balance one another out. They also must as- targeted by local health departments, often no at-
sume that all genotoxicants have simple dose- tempt is made to measure or monitor the normal ex-
response kinetics, which ignores the possibilities of posures that are thought to give rise to three-quarters
hormesis or other higher-order interactions. Pres- of all cancer.23 Besides the same potential problems
ently, a huge number of manufactured chemicals in with kinetics and interactions mentioned above,
use lack significant toxicological data; however, there measuring genotoxicity in the field is complicated
are at least two promising approaches toward im- by the shear number of agents that a human being
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or a population come into contact with, especially exposure modification that must translate an expo-
over the decades cancer may require to ensue. One sure into a disease, and differences in the ability to
approachhasbeentodevelopsimplefunctionalassays metabolize chemicals have been shown to signifi-
or biosensors that react to a spectrum ofeffectors rather candy affect their ultimate biological activity.27 Most
than a single specific agent, such as a particular chem- molecular epidemiological studies of genetic suscep-
ical. These instruments often use biological detec- tibility to genotoxic agents have involved functional
tors,whole organisms ormolecules such as antibodies or genetic markers of metabolic enzymes.28,29 Con-
or enzymes activated by interaction (binding) to xe- sidering the number of potential phase I (esterases,
nobiotic agents to indicate the presenceofsuch agents cytochrome P-450 monooxygenases, epoxide hy-
in the environment.24This approach is still restricted dratase, and so forth) and phase II enzymes involved
by our understanding of the underlying mechanism in this process (methyltransferases, sulfotransferases,
of action of such agents and, again, the application acetyltranferases, glucuronyl transferases, glu-
to cancer usually involves the assumption of a geno- tathione S-transferases, and so forth), it is difficult
toxic mechanism, although methods to detect pos- to predict the fate ofachemicalin abiological system,
sible agents acting through an epigenetic hormonal although computational models have been devel-
mechanism have also been developed. 25  oped. 30,31 There is an unfortunate tendency to look

for associations between polymorphisms in these
genes and health effects without ever determining

Biomarkers of Exposure: Internal Dose whether the polymorphism has any effect on func-
tionality. Since epidemiologycan onlybe hypothesis-

To manifest a carcinogenic effect, most agents must generating, demonstration of such an association
be internalized within an organism and within a cell. should only provide further impetus for a functional
Biomonitoringofpotentially toxic exposures involves analysis of the polymorphism and its mechanistic
measuring the agent in a tissue or bodily fluid readily role in the disease process.32,33

available for sampling.26 In experimental systems, a
potentially toxic substance can be labeled and ad-
ministered to the whole animal by various methods, Biomarkers of Exposure: Biologically Effective Dose
and the uptake, distribution, persistence, and elim-
ination then investigated by recovery of the label in Genetic toxicology is a unique subspecialty oftoxicol-
urine and feces.Inpotential humanexposures, similar ogy in that the target molecule, DNA, is neither cell-
measures can be used to infer the magnitude and type- nor organ-specific. Thus, a genotoxic effect, po-
importance of the original dose. Such studies are tentially contributing to carcinogenesis, can occur in
complicated by the metabolism the original agent almost any cell in the body. Certain non-genotoxic
undergoes in vivo. Indeed, if the number and types carcinogenic agents, such as transforming viruses and
of exposures humans normallyundergo are daunting, xenoestrogens are likely to be more restricted in the
the expansion of these effects through metabolism types of cells they can affect. Traditionally, genotox-
magnifies the problem manyfold. In an effort to mo- icants have been defined rather narrowly as agents
bilize and detoxify potentially toxic substances, the that interact directlywith the DNA, although agents
body metabolizes or biotransforms them into more affecting chromatin proteins, microtubules, and so
water-soluble derivatives; unfortunately, this often on, can affect DNA replication and chromosome seg-
makes them more reactive and, therefore, moregeno- regation. Therefore, measurement of the effective
toxic, also, in effect, activating them. Thus, it is usu- dose of a carcinogen has often been done by quan-
ally not only the original agent that must be moni- tifying DNA adducts (or blood protein adducts as a
tored in bodily fluids, but also a complex mixture of surrogate). There are many methods to do this in
metabolites that have different potentials for toxicity bulk, but the most widely applied is 32p-postlabeling,
by themselves. This metabolism of chemical agents which yields "spots" of bases with altered migration
has become an important element in the individual in a two-dimensional chromatography system.34-36
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An advantage of this and similar detection systems studies.4(' 42 These studies provide strong evidence
is that they quantitatively display all the base adduc- that, although other processes may contribute to hu-
tion products, so that all potential DNA damage can man carcinogenesis, induction of somatic mutation
be estimated. The major disadvantage of such sys- is an important factor in cancer incidence. Measure-
tems is that there are usually multiple species of ad- mentofgene-specificmutationhasalsoshownprom-
ductedbases and,withoutindividuallycharacterizing ise as an intermediate biomarker of biological effect.
each species, it is impossible to assign a relative im-
portance to each spot. Although they must have a
minimal persistence to be detectable at all (i.e., not Somatic MutationalAnalysis
removed from the DNA too quickly by DNA repair There are twowell-established methods for measuring
mechanisms), different altered bases can have very gene-specific in vivo somatic mutation in humans.
different effects on DNA replication and hydrogen Both involve mutation at a non-oncogenic surrogate
bonding and, therefore, on the types and amounts locus chosen to allow detection of mutation with
of resulting mutations. Recent studies have often tar- single-hit kinetics. These well-characterized reporter
geted a single, well-characterized adduction species genes are the X-linked gene coding for hypoxanthine-
with monoclonal antibodies; however, such studies guanosine phosphoribosyl transferase (HPRT), a
assume that the total genotoxic effect of a mixed ex- ubiquitously expressed purine scavenger enzyme, and
posure can be estimated from a single mutagenic the autosomal gene for erythrocyte glycophorin A
product, which is not likely to be consistent.37,38  (GPA), the most common sialoglycoprotein on the

red cell surface, and the genetic determinant of the

Biomarkers of Disease: MN blood group. The HPRT gene has been used for
Generalized Biological Effect many years as a selectable marker in mammalian cell

culture,43 and this assay system has been adapted to

T-lymphocytes in short-term cultures derived from
In keeping with the genotoxicity paradigm for car- human peripheral blood.44,45 The GPA assay is de-
cinogenesis, the interaction of a toxic agent with signed to detect awide range ofpotentiallyinactivatingDNA does not produce a long-term effect unless it mutations atthe GPAlocusbyflowcytometric analysis
results in an unrepairable mutation, defined as any mutatioheral loo usbyocytoTetwocasays
heritable change in the amount or structure of the of peripheral blood erythrocytes.(abl 7 The two assays
genetic material. Since we are referring to genetic nave complementary features (Table 1). The GPA as-
changes in somatic cells, "heritable" suggests viable say is fast and inexpensive, using flow technology to
clonal propagation of the mutation through subse- quickly quantify rare mutational events. The HPRT
quent mitotic generations. A large number of meth- assay requires cell culture and drug selection, making
ods for detecting and quantifying somatic mutation it more expensive and labor-intensive. However, the
have been proposed and, to some degree, validated GPA assay can only be performed in genetically in-

in retrospective studies.39 Some markers, such as mi- formativeMN heterozygotes, andthe mutationalbasis
cronuclei or dicentric chromosomes, are inherently of the phenotypic variation cannot be confirmed at
inviable; they therefore serve as indicators of similar the molecular level, whereas the HPRT assay can be
processes that leave the cell mutated but alive (a sort performed in virtually anyone, in a multitude of cell
of biomarker of a biomarker). Other monitored types, and can be used to generate mutational spectra
events, such as sister chromatid exchange, result in that potentially can identify the inducing genotoxic
no genetic damage or biological effects, but are agent. In previous studies using both assays, the cor-
thought to respond to agents that can, in addition, relation between these biomarkers is consistently bet-
induce chromosome breakage and rearrangement. ter than the correlation of either with physical or en-
The best validated biomarker of somatic mutation is vironmental estimates of exposure, presumably
the cytogenetic detection of stable chromosome ab- because both of these assays consider the extent of
errations, which has been shown to be predictive of exposure and the individual variations in respo-'.se to
subsequent cancer in three independent prospective genotoxic exposure.48
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TABLE 1. Features of the GPA and HPRT In Vivo Human Somatic Mutation Assays*

GPA HPRT

Well-established assay, with extensive normals database Well-established assay, with extensive normals database
Autosomal locus sensitive to mutational, chromosomal, X-linked locus sensitive to point mutation and small

and epigenetic events deletion
Applicable to only -50% of the population Applicable to everyone except patients with

Lesch-Nyhan syndrome
<1 mL of fresh blood required -20 mL of fresh blood required
Inexpensive and rapid-direct-flow cytometric detection Expensive and labor-intensive-cell culture and

of mutants clonogenic drug selection
Mutant phenotype cannot be conformed at the DNA Mutant colonies can be genetically analyzed-generate

level mutational spectra

Adapted from Ref. 48.

The GPA and HPRT assays have been extensively locus has been reported for a population of hepato-
validated as quantitative measures of genotoxic ex- cellular carcinoma patients. 7'
posures. Investigations include exposures to ionizing Several othermutational studies of cancer patients
radiation such as the survivors of the bombing of have been performed using the GPA assay, usually
Hiroshima,49-51 accidents such as Chernobyl,52,53  to demonstrate the genotoxicity of the therapeutic
and Goiinia,54 and other medical, 55-56 environmen- regimen.72-75 Our studies of this type have always
tal,5 7 and occupational studies. 58' 59 Similarly, the re- involvedanalysisofbothconcurrentdisease-freecon-
sponse of these systems to chemical exposures, such trols and a pre-therapy sample from each patient.
a'z PAHs and. cigarette smoke has been established When the results from these two populations are
in a series of studies of environmental60,6' and occu- pooled and compared, the patients are significantly
pational exposures. 62- 6 Given that these assays are higher for total variant frequency (combining both
sensitive to a wide range ofgenotoxicants, it has been allele-loss and loss-and-duplication classes) (p <
suggested that these measures of somatic mutation 0.01) (Fig. 2). These data include subpopulations of
might provide a biomarker of cancer risk associated patients with breast,76 prostate, 56 and testicular can-
with genotoxic exposure. 67,68  cer.77The HPRT assayhas alsobeen used extensively

There havebeenthree studies specificallydesigned to demonstrate a genotoxic effect of cancer chemo-
to determine whether newly diagnosed cancer pa- therapy upon circulating lymphocytes. In addition
tients have higher somatic mutation frequencies than to the two mentioned above, seven other studies have
disease-free individuals, that is, whether cancer in- been published in which the frequency of lympho-
cidence is associated with increased levels of gene- cytes with mutations at the X-linked HPRT locus
specific (as opposed to chromosomal) mutation. In was determined in newly diagnosed cancer patients
1989, a study oflung cancer patients with the HPRT before genotoxic therapy.78-8 5 In all nine studies, the
assay demonstrated significantly higher mutant fre- frequency of somatic mutation at the HPRT locus
quencies in the patient population versus controls.69  was higher in the cancer patients than in concurrent
A subsequent study of breast cancer patients revealed controls. When these data were reviewed and pooled
HPRT mutant frequencies higher than controls and forre-analysis, 86the approximatelytwofold elevation
womenwithbenign breast masses, but the differences in somatic mutation frequencydemonstratedbythese
failed to reach statistical significance. 70 More re- pooleddatafromcancerpatients(N= 187) was highly
cently, a significant increase in mutation at the GPA significant (p < 0.001) (Fig. 3).
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assays have also been applied to individuals and pop-
40 ulations suffering from DNA repair-deficiency syn-

dromes, which are characterized by very high cancer
incidences. Thus, HPRT mutation has been found
to be spontaneously elevated in homozygotes for the
recessive cancer-prone disorders Bloom syndrome,87

-6 Fanconi anemia,88,89 and ataxia telangiectasia, 90,91 all-4 20
associated with deficiencies in resolving DNA dou-
ble-strand breaks. The GPA assay has demonstrated

10 10- (ataxiatelangiectasia), 50- (Fanconi anemia), and
100-fold (Bloom syndrome) increases in the fre-
quency of spontaneous somatic mutation in these

0 1 patients.74,89,92-95 HPRT mutant frequencies appear
Controls Heterogeneous to be elevated in xeroderma pigmentosum patients,

Cancer Patients which are characterized by a deficiency in nucleotide

excision repair,96 ,97 but there is no evidence for such
FIGURE 2. Comparison of in vivo somatic mutation at an increase atthe GPAlocus. 98 Both assays have dem-
the GPA locus in a population of untreated patients with onstrated subtle elevations in mutant frequency in
diverse types of cancer and disease-free controls. the premature-aging disease, Werner syndrome. 99,100

These studies offer an alternative explanation for the
elevated mutation frequencies observed in the spo-

These data suggest that human carcinogenesis is radic cancer patient populations described above;
associated with increased in vivo somatic mutation namely, instead of sustaining slightly higher than
and, based on the validation studies detailed above, normal genotoxic exposures, these individuals man-
that these mutation assays could act as integrative bio- ifest slightly higher than normal genetic susceptibil-
dosimeters for genotoxic exposures. It is significant ities to genotoxic injury. This suggestion is similar
that the association seems to hold not just in tumors
with a well-accepted mutagenic etiology, such as lung
cancer, but also in tumor types with viral (hepatocar- 14
cinoma) or hormonal (breast, testicular, prostate can-
cer) components in theirprogression. This observation r 12
is consistentwith the concept ofa multistep mutational
pathway ofcarcinogenicity in which one or a few steps

can be fulfilled by epigenetic factors, but numerous M
other steps still depend on mutagenesis. These assays 4:6
can measure both transient and persistent DNA dam- 'X 6
age in the stem cell and differentiating hematopoeitic
compartments, respectively, and show great promise X 4
as biomonitors of chemopreventive measures against E-4

genotoxicity, such as antioxidants. O 2
The association of cancer incidence with a modest

elevation in somatic mutant frequencies suggests that 0
cancer can be caused by normal or background levels Controls Heterogeneous
of genotoxic exposure. Individual variation in suscep- Cancer Patients
tibility to genotoxic insults would therefore become
an important factor in determining whether muta- FIGURE 3. Comparison of in vivo somatic mutation at
genesis and, subsequently, carcinogenesis would re- the HPRT locus in a population of untreated patients
sult from a particular exposure. The HPRT and GPA with diverse types of cancer and disease-free controls.
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to the proposal by Hsull: Normal populations Biomarkers of Disease: Specific Biological Effect
should show interindividual variability in DNA re-
pair capacities, and those with the highest suscepti- Just as some would argue that an adduct is not im-
bility to unavoidable. genotoxic exposures, but still portant unless it results in a mutation, others would
within the range of normal, would be at greatest risk argue that the mutation is not important unless it is
of developing cancer. involved in the progression of the disease. Screening

for mutations in oncogenes and segregation of tumor
suppressor genesn1 s blurs the distinctions of public

Mutagen Sensitivity health concerns, such as identifying individuals at
Hsu's own approach to demonstrating this principle increased riskofcancer, and purely medical concerns,
wasbasedon anothercharacteristicofthecancer-prone that is, the early detection of the disease itself. What-
syndromes: their hypersensitivity to DNA-damag- ever the intent of the study, it can take the form of
ing agents.102-1°4 This cellular phenotype has been a screen because of the early observation that tumor
exploited to map and clone the underlying genes re- cells (and potentially preneoplastic cells as well) can
sponsible for these conditions, and lymphocyte mu- be found in many fluids and excreta of the body.'19

tagen hypersensitivity continues to be used as a de- Advances in cytological techniques and the devel-
finitive diagnostic laboratory test. Hsu conjectured opment of antibodies to cell lineage markers and car-
that milder forms of this mutagen-sensitivity phe- cinoembryonic antigens maintained interest in these
notype should occur in the human population, and cells, but the possibility of molecular screening only
might contribute to the incidence of common tumors arose with the delineation of the role of somatic mu-
in the normal population. He adapted the mutagen- tation in oncogenesis. Thus, there has been much
sensitivity tests developed for diagnosis of the DNA interest and some progress in the past decade toward
repair-deficiency diseases into a screening tool based using molecular detection of so-called early muta-
on the induction of transient cytogenetically detect- tions in such biological samples as buccal swabs,
able chromatid breaks.105-10 8 These studies demon- mouth rinses, lung lavage, urine, feces, and so on, as
strated significant interindividual variation in the re- diagnostic and prognostic markers. 120 More recently,
sponse of the disease-free population to a known it has been found that free circulating DNA in serum,
genotoxicagent, theradiomimeticDNAcross-linking long known to be at higher levels in cancer pa-
agent, bleomycin. They also demonstrated that a sig- tients,121,122 is primarily derived from necrosing and
nificantlygreaterproportion ofindividuals manifest- apoptosing cells.123' 124 Activated oncogenes125' 126 and
ing a number of different types of cancer were hy- segregated tumor suppressor genes,127,12" reflective
persensitive to this mutagen in that they suffered of genetic changes in the primary tumor, have been
more DNA damage when their lymphocytes were detected by analysis of DNA amplified from blood
exposed to a standard dose of bleomycin. This work samples from cancer patients.
has been carried forward by Spitz et al.,' 09",10 in a
series of studies demonstrating that bleomycin sen-
sitivity is associated with risk of head and neck 1 9- Conclusion
1ll and lung"12,113 cancer. Hsu et al.11 4,115 introduced
the idea that sensitivityto other mutagenic chemicals In many ways, the fields of molecular toxicology and
could also be measured by induction of chromatid molecular epidemiology are in a holding pattern.
breaks. In these studies, the inducing agent was 4- There has been a general reluctance to leave the val-
nitroquinoline-l-oxide (4NQO), which causes the idation phase in which potential biomarkers are eval-
same type ofDNA damage as UVlight, the genotoxic uated in populations with known-and usually ex-
agent implicated in skin carcinogenesis. This prin- treme--exposures and predispositions to cancer and
ciple has subsequentlybeenappliedinthelungcancer to move these studies into the general population,
study using the polyaromatic hydrocarbon and to- and, subsequently, into clinical or public health prac-
bacco smoke mutagen benzo[a]pyrene diol epoxide tice. For basic scientists, this involves taking on re-
(BPDE) as the inducing agent. 116,11 7  sponsibilities for interactionwith human populations
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and individuals that some researchers may not ap- such surrogate end points for cancer depends on the
preciate. From the clinical side, in the absence of an confidence the entire field feels in the underlying
established intervention, there may be little reason mechanism of cancer. Some clinicians maintain that
or even justification for predicting disease. Only the only credible intermediate biomarkerfor carcino-
through applying the biomarkers that do exist, such genesis, especially for prospective trials of chemo-
as thepromisingtechnologies discussedin this report, prevention, is the appearance of preneoplastic
can basic scientists become comfortable with such lesions134; this despite the fact that the vast majority
translational research and can preventive measures of such lesions do not, and perhaps cannot, develop
be developed to provide practitioners with an arma- into malignant tumors. 135 Mutational biomarkers
mentarium to treat preneoplastic disease. have also been criticized for.not discriminating be-

The biomarkers available and in development for tween exposure and susceptibility, or for not being
cancer reflect, to a large degree, the inclinations of more agent-specific. The bestreplyto such criticisms
toxicologists to equate mutagenesis with carcinogen- is to apply the markers we have now in the most
esis. Indeed, data presented here suggest that al- appropriate way and, if such discrimination is found
though other mechanisms are known to contribute important, to continue to develop methods to further
to cancer, mutation, both chromosomal and gene- specify the relative contributions of each factor in
specific, appears to be involved in all cancers. This, each particular disease or lesion.
in turn, suggests that (1) if one fives long enough, one All of the preceding is based on the assumption
will inevitably develop cancer, and (2) the specific type that toxicology, pathology, and so forth, will continue
of cancer will be that which one is most susceptible playing an important role in oncology. History, how-
to owing to the types of exposures sustained as well ever, suggests that medical science tends to follow
as one's underlying genotype. Thus, a certain level the fad of the latest technology, even when it is not
of genotoxic effect may be sufficient to cause hepa- necessarily appropriate. With the recent completion
tocarcinoma in an individual with a chronic hepatitis of the first phase of the human genome project, we
B infection, but a slightly later onset of kidney tumor have entered into a period of increased enthusiasm
in an individual without such a viral predisposing hav enteredeinto a pro of i as nthsam
factor. The strength of the mutational model of can- for genomic research that may or may not comple-
cer lies in its ability to rationalize itself with these ment the types of research discussed in this9 report.
other factors. As mentioned above, we know that We mentioned earlier that every cell from deear-
viruses can deliver activated oncogenes (retroviruses), old subjects still carries their entire genetic code, fa-

or provide a protein sink for tumor suppressor gene onsitating such genomic research, even in such late-
products (animal viruses).129 Genetic factors in can- onset diseases as cancer. Our 80-year-olds also have
cer have been found to congenitally provide a muta- a complete record of their lifetime of accumulated
tion that traverses one step in the carcinogenic path- exposures, at least genotoxic exposures, in their cells,

way,130 or confer a mutatorphenotype that causes a although different aspects may be found in different

more rapid progression through the pathway,131 or cell types, locations, and so forth. We must develop
both. Hormonal factors, even if they are not overtly methods ofrapidly screeningindividuals forevidence
genotoxic, can mimic mutation via their effects on of cumulative past exposures that can be used to char-
transcriptional regulation,132 or affect mutation rates acterize their levels of response. The justification most
as suggested by the mitogen-mutagen hypothesis.133  often given for the extensive involvement of the US.
Toxicologists must also be willing to expand their Department of Energy in the human genome project
definition of a mutagen; for example, because ane- was, essentially, how could we identify mutations un-
uploidy is unquestionably a mutational event, agents less we know what the normal gene sequence is? We
that cause it through interaction with centromeric now need to take up this challenge and use the tech-
proteins or microtubules (as opposed to direct inter- nologies developed for charting the evolution of the
action with DNA) should be considered mutagens. hereditarygenomethroughgenerationstobegintomap
Despite the present success of mutationally based the changes in the somatic genome that occur over a
biomarkers, we must be aware that application of normal lifetime and during the carcinogenic process.
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